Nucleotide sequence and Southern hybridization data revealed a mosaic genome organization in a region that extends several thousand base pairs upstream of the exotoxin A (toxA) gene in Pseudomonas aeruginosa. An interstrain comparison of DNA in this region showed a pattern of alternating segments of homologous and nonhomologous sequences. Two nonhomologous elements, approximately 1 kilobase pair upstream of the gene in strains PA103 and Ps388, were characterized in more detail. The sequence elements, denoted IS-PA-1 and IS-PA-2 for the different strains, are about 1,000 and 785 base pairs long, respectively, and have 5-base-pair direct repeats at their boundaries, consistent with their being DNA insertion sequences. The distribution of these elements in 34 different strains was determined. IS-PA-1 was found in a single copy upstream of toxA in half of the strains and was found in two copies in four of the strains. Some strains contained neither element, and one strain carried both. The genome of another strain, WR5, which lacks toxA, was shown to contain a 350-base-pair region that was highly homologous to DNA sequences located just upstream of toxA in other strains. The WR5 genome lacked several kilobase pairs of DNA that was found both upstream and downstream of this homologous region in the other strains.
It has been shown by Southern hybridization that the region upstream of the Pseudomonas aeruginosa gene encoding exotoxin A (toxA) exhibits a strain-dependent heterogeneity in size of DNA fragments resulting from restriction enzyme digestion (19, 30) . This characteristic has been used as a marker for strain identification in epidemiological studies with P. aeruginosa strains that cannot be distinguished by conventional means (19, 20, 22) . In contrast, the same type of hybridization experiments show that the region downstream of toxA appears conserved among strains tested (30) . In an effort to understand the molecular basis for this phenomenon, DNA fragments from representative strains were cloned, sequenced, and used as probes to investigate genome organization in this region. The strain from which toxA was originally cloned, PA103, is a natural hypertoxin-producing strain, whereas Ps388 is a clinical isolate that produces only small amounts of the protein (6, 30) . Strain WR5 represents a small class of strains that do not have toxA sequences but have DNA which hybridizes with a DNA probe from PA103 located 746 base pairs (bp) upstream of the toxA gene to its initiation codon (30) .
It is likely that some of the regions we have found upstream of toxA are DNA insertion sequence (IS) elements, a type of transposable element able to insert itself into several sites of a genome (11) . Only a few IS elements (18) or transposons (27) have been found in the P. aeruginosa genome or in its plasmids (10, 29) , but in Pseudomonas cepacia at least 15 different IS elements are known (12, 26) . There is evidence that such elements can be involved in the incorporation of plasmid or foreign genes into the genome and can promote DNA rearrangements, including inversions, deletions, and duplications (8, 9, 12) . Thus, these elements play a role in the evolution of the DNA. Transposable elements are also known to alter regulation of gene expression in Pseudomonas species (2, 8, 12, 26, 31) , and it is thought that metabolic versatility of some Pseudomonas * Corresponding author.
species is due to gene recruitment and the establishment of new catabolic pathways (12) .
There is also evidence for an association of transposable elements and pathogenic determinants such as the toxin gene in Corynebacterium diphtheriae (24) , cholera toxin (17), the adenylate cyclase gene of Bordetella pertussis (16) , and a-hemolysin genes in Escherichia coli (33) . This study is an initial investigation of such possible elements near a virulence factor of P. aeruginosa.
MATERIALS AND METHODS
Bacterial strains. The P. aeruginosa strains used in this report, Ps388, PA103, and WR5, are the same as those used in an earlier study; relevant properties are listed in detail there (30) . Clinical isolates were collected for epidemiological studies at the University of Colorado School of Medicine and were grown and stored as previously described (19) . Some of these strains were used in a previously published study and are characterized in more detail there (19) .
Cloning. Bacterial chromosomal DNA, isolated by a modification of the Marmur method (19) , was digested with restriction endonucleases (Bethesda Research Laboratories, Inc., Gaithersburg, Md.) as specified by the supplier. Southern hybridization (28), using a PstI-NruI DNA probe (19, 30) located just upstream of toxA, identified the size of the homologous fragments to be cloned. Partial purification of the fragments was achieved by electrophoresis on a 3.5% polyacrylamide gel, cutting out gel slices in the desired DNA size range, electroelution in dialysis bags, and precipitation. Fragments were ligated into pUC18 (32) plasmid DNA that had been digested with BamHI and used to transform E. coli HB101 (14) . Colonies were screened by colony hybridization (Genescreen, used as specified by Dupont, NEN Research IS-LIKE ELEMENTS IN P. AERUGINOSA 2021 chemical method of Maxam and Gilbert (15 (28) , using 32P-labeled radioactive probes (nick translation kit; Amersham Corp., Arlington Heights, Ill.) and procedures that were described previous-ly in more detail (19, 30) . In many cases, it was necessary to determine whether the same fragment in a chromosomal digest hybridized to a number of different probes, e.g., the PstI-NruI probe common to all strains (19, 30) and the inserted DNA probes found only in some strains. This was usually achieved by waiting a number of weeks or months between use of the different probes on the same blot. Direct comparison of the same blot with results from different probes permitted accurate fragment size comparisons and correlations.
RESULTS
Cloning and sequencing the region upstream of toxA. A 2.7-kilobase-pair (kb) region of P. aeruginosa PA103 DNA containing toxA has been cloned previously (6) (30) but contains DNA which hybridizes to the PA103 probe that is upstream of the gene. The clones that were finally obtained were 3.8, 2.6, and 3.7 kb for strains PA103, Ps388, and WR5, respectively.
A partial sequence of the cloned PA103 DNA, ending with a BamHI site near the beginning of toxA, is shown in Fig. 1 aligned with partial sequences of cloned DNAs from the other strains. The sequences can be divided into a number of distinct regions on the basis of interstrain sequence similarities and differences. As indicated by the numbering scheme ( Fig. 1 and 2 (6) .
In the 3.7-kb WR5 clone, only a small portion was found to be homologous to the corresponding PA103 and Ps388 clones (Fig. 1) Probes specific for the inserted element of each strain were hybridized to restriction digests of genomic DNA from laboratory strains and clinical isolates of P. aeruginosa. The different clinical isolate strains were identified and characterized by using Southern hybridization methods as previously described (19, 20, 30) . In this method, the probe is a PstI-NruI restriction fragment located just upstream of toxA in PA103 (nucleotides 3081 to 3826; PA103 sequence in Fig.  1 ). Within this region is DNA that is highly conserved in all P. aeruginosa strains, including those which lack toxA (see WR5 homologous region in Fig. 1 TaqI(Tl) GTCTTAAAAA ATTCTTCGCT GAAGGTTTTC CCATCAATCG ATGAGGCTAA TAGCTTCTTT GCAATATCTA TCATTTCCAT GCTCACCTTA AAGCACCTCA TTTTTCATGT AAAAATTGTA TTGATCCGTG CCAGACTCAA TCCTCCACCC AGAAACAAAC ATCCCATCCT CTCCAATGAT AACAACAATA TTAGTCCTGG CATTGTAATG TACTTTTGAG TTTACTTCGG AGTGGTAAGT CCCTTTTTCT ACGGTTGCAG GATCAGCAAG GTGCTCAAGA ATTTTATCCC TAAACTCTGC AAGCGTTCCA TTGTTGGCGC TTTTTTCACC CAGCCCAAAA TCATATTTGT GGCTATCAAA DdeI(D2) TTTTTTCTGT AGTTGCCTCC GTGTGAAGAT ACCACTATCA AGAGGACTAC TGAGCATTAC ATAAACAGGT TTGACTCCAG AATCCGCCGG ***-*C* ***A***C** ***G*TC**C ****TC**C* *G**G***** BamHI GAAAATCACG ATCAGATCGT TTAGGTCCAG TAG-CATTCC CGGATAGGAC TCCGGGCCGG TCTTCAACGG TGTGAGGGCC GCTCCCTCAT ***GCCG*T* *****G**-* *CC***AGT* **AT**CC** A*******TT ******GTA* C*****C*** ***A****T* ATACCGGCAC CGGCTTCGGT ATGACCGGAG TGGTACTCGA AGGGTTCTGG TTTCCTGGAG GACTCGCCGG CGTCCAAGTC AGGATCAGTG ******** ******* *C**************** ********** ********** *************G******* GCGGCGCTTC TGCGACCGTA GAGGGAACCG TAACCTCGTA CAGTCCTGTT GCGGCGTTAT AGGCC-CCAT CCGGACCGGA ACGCTTTCGG ********** ****GT**** *** ********** ***G*****C *T***A**G* *****G**** ********** ********** AACGCTCACA CCATCGGTCT GACCACCGAA AGGTCGTCGT GTTGCCTCGC GCCTCGTTGG TCAGGCGCAT CGGCAGATCG ACGGTACCGC ********** ********** ********** ********** *****T***** ********** ********** ********** TGGCTTTTGC AACCGCGTTC AGGTTTACGC TTGGGGGAAG CCCCAATTTA GCGGCATCCA TGCCCAGGGC GTAACGAACG CTATCGGGCG _** TTTGGTCCTG CCATTGCTCG GCAGTCCGGG AG-AGTAGGT CAGACTGGC-AAGCCACGGC CATCACCGAG G-TGCTGAAG CCAGGACCG-********** ********** ********** **G******* *********A ********** ********** *G******** *********G --CCAGGACG GCAATCGCAT CGGAGATCGC TTGAGCAAGG GATGCGGCGC CT-GTGCGAC CTGGATCAGA CCCCGC-TGC GGCGGTGGCG GC******** ********** ********** ********** ********** ************G**C*** REPEAT XS-PA-1 >>>>> CACCCGCTGC CATTGGCTGG CATGGCA AAGTATTGGCAG CCCTGATCGC CGCTTGACGA GCGATTTCCT TGCGCCTTGC CGTTTCGGCG ACAA****** *******C** *********G ********** *T**T***** **CTZGCT*G CG*GCC*G** CTTCGGC*TT GCG**T***C REPEAT 1S-PA-2 >>>>> TTCAGCTTGT CCAGCCGTGC TTGCAGGCTG GCGATTTCAT CCACTAGGTA GGACATCGGC GTTGTAGGTT GCCTTTTGTT TCTCCAGTGC *CAGCGC**C TTGTT*AC** GCCTT*TT** CT*CGGC*GC *TCAATAC*T *CTTTGGC*G CGGTC*ACG* ATTCA*GCGG ATCTGGAGA* ATTGGGTGCC TTGGCAATCA AGGCATTGTT TGCAGTCTGC AATTCTTCTT ATTGCGATCG CCTGCGTAAG GAGTTGAGTA GCGCGTTCAA TACT*A*CG* **C*GTGAAG **TTC*ACG* *AT*AG**** CG*GAGA*C* TCCATTTC*C TG*CGAGG*A *C*CAT*TAG **TTCAGGCC TaqI GCCACTGCTC TGGCGTTGGA TTGGTCAGTT GAGGCAAAGC ATTCCCAGCC TGGTCAAGCT CGGACTGCAC TTTTTTCTCG ACATTTGCCT *TTAA*AT*G CCTTC*C*C* CC*C*TGT*C ACC*ATCTCT TCCG**GTA* G***A*G*AA ATTCT*TGCA CCCAGG**G* TA**C*TCT* DdeI(D3) TCCTGGCCTT GTAGTCCGCC TCCACCTCAG CAGCGGCTCG CTGGGCTTCT GCTTCCAATG ACCGGGCTTT ATTCTCCAGC TCTTGAGACG CTGATT*AGC AGTAGTTTTT GATT*T*TT* *T*GA*GG** T*TCCAACGA TGG**AG*CT G*G*TTGA*G *CGTC*AATG GTGCA***TT TTTGTTTCAA GATAGCGATT TGCGCCTTAT AGATATCGGC GCTGTACGCT TTGGCCAGCT CACTCATATG GCGATCCAGG AACTCTCCAT C**TGCCGG* CCA**A*CGG CATCAGCCT* *TCC*G*TCG ***TGTAC*G AC*C*TCAAG TTT*TTCTC* **ATCT*G*A *CTGAAG*TC DdeI(D4) AGAATTTTCG GCTGGCCAGC AACTGACTCT GGTACATCGA CTCTGACTTC TGAGGAAAGT CTGAAGCCGT ATAAAGATTG GCCGGGCGAT GATC*CCCT* CG*TTTTCTT T*ACCTGAAG A*G*ACATAG *GTCTGGGGT CA*C*CCCAG A*C*GCATAA C*TTCA*ACT CTT*CCA*CC CCTCAATGAC CTTTAGCGAT TTTGCTTTGG CATCCATGAG TGCATCAACG ATACTCTTTT CATCGCGGAT GTCATTGGCA CTGACCGCTT AT*TTCA*TG GACG*ATCCA AGCCG*GCTC T**AGG*CT* GCA**GGGGC CAATG*CGG* ACCTC*CCCA *GGCCGTAAT AAACGTCTCC TACCTGGCAA CCCCGCTTCA CTCTTGAGTT CATCAACCTC CTTCAGGGTT TCATTTTTCA GGTTTTTCTT GAGTTCTGAA TGGGACTTAT GCTTGCCGT* A*AGTTG*AG AGT*GA***G G**A*GGTCA GCAAT****C GTGCCA*ATG TA*C*CCTAC TTCCATGAGT GCATGGC*GA DdeI(D5) 2 Ps388 *CT**A**** ****T***** **A**G**** *******A*C CA-****C** ******CC*A TC**TGGCCA TTC***TC** CG**A**ACC 2900 1 PA103 1629 2 Ps388 1 3 WR5
Sites -------CGC CTGCGTCAAA ---CGGTCAT TTCCTTAACG CACACCTCAT CTACCCCGGC CAGTCACGGA AGCCGCATAC CTTCGGTTCA TCGTTTG*** A****C**TC CAG******* **T**GC*** **A******* ***T***T** ********** ********** G GAT*C*TCT* *GA*T*CC*G BamHI 2980 1 PA103 TTAACGAACT CCCACTTTCA AAATTCATCC ATGCCGCCCC TTCGCGAGCT TCCGGACAAA GCCACGCTGA TTGCGAGCCC AGCGTTTTTG 1719 2 Ps388 ********** ********** ********** ********** ********** ********** ********** ********** ********** 22 3 WR5 CACTTCCT*G A*AG*CCA*G CCCGCTGAT* CG*G*CTGAT CC***C*CA* G**CTGA**G *AGT*AGG*C ***A*CAATG GCG*ACGCCA Sites 3070 1 PA103 1809 2 Ps388 112 3 WR5
PstI (P) TaqI (T3) ATTGCAAGCC GCTGCAGCTG GTCAGGCCGT TTCCGCAACG CTTGAAGTCC TGGCCGATAT ACCGGCAGGG CCAGCCATCG TTCGACGAAT ********** ******C*** **T*****A* *******G** *A******* ********** ********** ********** ********** C*C*TTCATG CAA*TC*AC* C**GTCA*CG GATA*AGCG* *GGTTTCAG* CA*A**T*T* T**TTG*TAA **CT**TGG* C*G*CA*C*C AAAGCCACCT CAGCCATGAT GCCCTTTCCA CCGC****** ********** ****CT** TCCCCAGCGG AACCCCGACA TGGACGCCAA AGCCCTGCTC CTCGGCAGCC TCTGCCTGGC *********A *C******** ***T****** ********** ********** G******* ********** ********** ********** ********** ***T**** 3250 1 PA103 CGCCCCATTC GCCGACGCGG CGACGCTCGA CAATGCTCTC TCCGCCTGCC TCGCCGCCCG GCTCGGTGCA CCGCACACGG CGGAGGGCCA 1989 2 Ps388 * * **C******* ******C*** ********** *T**** *** ********* ******C-** ********** 292 3 WR5 ********** ********** **CT****** ******C*** *******************G 3340 1 PA103 GTTGCACCTG CCACTCACCC TTG-AGGCCC GGCGCTCCAC CGGCGAATGC GGCTGTACCT CGGCGCTGGT GCGATATCGG CTGCTGGCCA 2078 2 Ps388 ********** ***T****** ********* ********** ****** ********** ********** ********** ********** 382 3 WR5 * *********T ***G**-*** ***T******** ********* GGGGCGCCAG CGCCGACAGC CTCGTGCTTC ***G****** ********** T********* C*CAG****A GCG*-*GGCG **G**C**C* <<<<< UR5 HONLOGY AAGAGGG-CT GCTCGATAGT CGCCAGGACA CGCCGCGCAC GCTGACCCTG GCGGCGGACG *******G** ********** ********** ********** *********** ********* *G**A**C** ******CG** *****C**-* G**GC***** *****TG*** ********TA 3518 1 PA103 CCGGCTTGGC GAGCGGCCGC GAACTGGTCG TCACCCTGGG TTGTCAGGCG CCTGACTGAC AGGCCGGGCT GCCACCACCA GGCCGAGATG 2257 2 Ps388 ********** ********** ********** ********** ********** ********** ********** *T******** ********** 558 3 WR5 *G*TAC**** **CT*A*A*G ACG**C*CG* *GCG*TC**C *GCG*GA*GC *GAT*TGT** T*T**ACCGA T***G*GA*G *C*G*C*CG* 3608 1 PA103 GACGCCCTGC ATGTATCCTC CGATCGGCAA GCCTCCCGTT CGCACATTCA CCACTCTGCA ATCCAGTTCA TAAATCCCAT AAAAGCCCTC 2347 2 Ps388 ********** ***C*CA*G* ********** ********** *********** ********* ********** ********** ********** 648 3 WR5 CG*CTA*AC* TGT*T*TGCA AACGGNN*TT CA*CG*TC*G AAAC*GGCAC A*CGG*GA** *A*TC*GATC *CCGG**A** GCTC***T** 3698 1 PA103 TTCCGCTCCC CGCCAGCCTC CCCGCATCCC GCACCCTAGA CGCCCCGCCG CTCTCCGCCG GCTCGCCCGA CAAGAAAAAC CAACCGCTCG 2437 2 Ps388 ********** ********** ******A*** ********** ********** ********** ********** ********** ********** 738 3 WR5 CG*GC*G*TT *CG*GATGAA AG*C*GC*TT ***T**AGCC G*G*GG*T*T TCGG* tested for the presence of the IS-PA-1 element, and 22 or 65% had at least one copy; 7 of 39 strains, or 18%, had one copy of the IS-PA-2 element. In most of the strains, the probe for the inserted DNA elements hybridized to the same size of restriction fragments as did the PstI-NruI probe for all enzymes tested. For these cases (+ in Table 1), we conclude that the inserted DNA is located in approximately the same genomic location in all strains, i.e., just upstream of toxA, although the precise nucleotide insertion point is unknown. In a number of cases, the probe for inserted element hybridized to a different set of fragments than did the PstI-NruI probe or to both the PstI-NruI fragments and a different set (Fig. 2, for example) . In those cases (alt in Table 1 ), we conclude the inserted elements were located in an alternative location to that just upstream of toxA or that there were two copies of the inserted element in different locations. By these criteria, the IS-PA-1 element was present in one copy upstream of the gene in 50% of the strains, in two copies with one upstream of the gene in 12% of the strains, and in one copy at an alternative location in 1 (3%) of the strains. The IS-PA-2 element was never found in an alternative location or in more than one copy. One strain contained both types of the elements, with IS-PA-1 being in the alternative location. In seven strains, neither of the elements could be detected, although the PstI-NruI probe did hybridize to Southern blots of their genomic DNAs.
The position of the alternative location relative to toxA is not precisely known, but there is evidence that at least in some cases, it is within 10.5 kb upstream of the gene. For example, one clinical isolate listed in Table 1 had the IS-PA-1 element in the alternative position only and did not contain the IS-PA-2 element anywhere. In Southern hybridizations of a BglII digest of the DNA of this isolate, the PstI-NruI probe hybridized to a 4.4-kb fragment whereas the IS-PA-1 probe hybridized to a 2.5-kb fragment only. But with a Sall digest, the two probes hybridized to the same band at 10.5 kb, and with an XhoI digest the two probes hybridized to a 12-kb fragment. Each of these three enzymes has a single recognition site in toxA (6, 30) , with the SalI site being about 150 bp downstream of the BamHI site at the beginning of toxA (B2 in Fig. 2 ; end of sequences in Fig. 1 (Fig. 2) .
The 200-bp fragment Bl-Dl, 1,600 bp upstream of the IS-PA-1 element, was not present in Ps388 but was found in WR5. The 372-bp fragment T1-D2, ending 720 bp upstream of the IS-PA-1 element, was not present in five of the six other strains tested. The sequence of this fragment, which was not found in Ps388, is shown in Fig. 1 just upstream of a sequence highly homologous to that in Ps388. All sequences downstream of IS-PA-1 (probes T2-T3 and P-N; Fig. 2 ) also were present in all strains tested except for WR5, which lacks toxA.
The exceptional base composition of the inserted elements that we have sequenced, IS-PA-1 and IS-PA-2, and the fragment of T1-D2 which probably represents at least part of an element, is shown in Fig. 4 . Compared with conserved coding and noncoding regions of P. aeruginosa DNA, which have an average G+C content of 67%, the inserted element regions are significantly more A+T rich, with an average G+C content of 50% or less. The PA103 composition graph (Fig. 4A) starts with the sequences shown at the beginning of Fig. 1 and contains the T1-D2 fragment, which did not hybridize to a number of strains, including Ps388 (Fig. 2) . This region has a low G+C composition relative to an adjacent block that starts just downstream of the D2 DdeI site and extends to about the beginning of the IS-PA-i element. This high G+C composition block is found in all strains tested except WR5 (Fig. 2 , part of the D2-D3 probe). Following this is the relatively A+T-rich IS-PA-1 region, but downstream of this segment the composition changes so that the WR5 homologous region, which is common to all strains examined, has very high G+C composition. The sequences downstream of toxA and other sequenced genes of P. aeruginosa have relatively uniform high G+C composition (data not shown), in contrast to the fluctuations in G+C content seen in Fig. 4 . The IS-PA-2 element in strain Ps388 (Fig. 4B) has an A+T-rich composition, as does IS-PA-1.
WR5 genome organization. The clone of the WR5 BglII fragment has a single BamHI site which divides the DNA into a 2.4-kb and a 1.3-kb fragment. A partial sequence of the 1.3-kb fragment (Fig. 1) shows there is a region, starting about 205 bases from the BamHI site, where the sequence is highly homologous to those of Ps388 and PA103 for about 350 nucleotides ( Fig. 1 and 2) . The 2.4-kb fragment, used as a probe in Southern hybridizations, did not hybridize to either the PA103 toxA upstream region clone (3.8 kb) or the Ps388 clone (2.6 kb), each of which ends at the BamHI site at the beginning of toxA. This means that the 2.4-kb WR5 Fig. 1 and 2) (A) or the IS-PA-1 fragment D3-D4 (B). The latter probe was hybridized 2.5 months after the probe in panel A. Sizes (in kilobases) are given on the left for some of the bands in marker lanes 1 (sizes indented) and 2 (sizes outermost). The markers had decayed and do not appear in panel B. Some of the lanes represent different colony isolates of the same strain as defined in the text. fragment, located 205 nucleotides upstream of the sequenced homologous region, does not hybridize to any PA103 sequences within 4.5-kb upstream of the BglII site that is located within toxA, 720 nucleotides downstream of the BamHI site B2 ( Fig. 1 and 2; 6, 30) .
The 2.4-kb fragment, however, did hybridize to BglII digests of chromosomal DNA from other P. aeruginosa strains, including PA103 and the clinical isolates CF2-10, CF3-1, and CF30-1 (Fig. 2) . For each of these strains, the same-size fragment hybridized to the 2.4-kb WR5 probe and all PA103 probes from the IS-PA-1 element to the beginning of the toxA probe (i.e., probes from fragments T2-T3, D4-D5, T2-T3, and P-N ( Fig. 1 and 2) . The size of this fragment was different for each strain and ranged from 5.1 kb for strain CF30-1 to 9.7 kb for PA103. The simplest interpretation of these data is that all of the probes hybridized to the .also "pecifictalls natmed in Fig 3 same BgII fragment for each strain, a f'ragment whose size varied with each strain but whose location was the same: upstream of toxA. Therefore, the 2.4-kb WR5 ftrlagment hybridizes to PA103 DNA sequences located between 9.7 kb aind 4.5 kb (see above) upstream of the Bg/II site in tow-A. Thus, about 4.5 kb of the PA103 sequence is either missing from or rearranged in the WR5 chromosome. It could be noted that the 200-bp probe from PA103. fragment BI-Di ( Fig. 1 and 2) , which is 4.5 kb from the Bg/II site. hxbridized to WR5 chromosomal DNA.
DISCUSSION
Possible IS elements. We have presented sequence (Fig. 1 ) and Southern hybridization ( Fig. 2 and 3 there are alternating regions of homologous and heterologous sequences. For one of these regions without sequence similarity (IS-PA-1 and IS-PA-2 in Fig. 1 ), there is considerable evidence that the DNA sequences ar-e IS elements, but functional proof that this DNA can insert itself into sites in a replicon is lacking. The most obvious evidence is the distribution of these sequences in P. aerIiginlosa strains shown in Table 1 . The elements are common but not ubiquitous, and strains with at least two copies in different locations have been identified. There must be a mechanism to account forthis pattern of inserted DNA sequences.
Comparisons of IS-PA-1 and IS-PA-2' with known IS elements reveal similarities in structure. The sizes, cabout 1 kb for IS-PA-1 and 785 bp for IS-PA-2, Care within the range of 700 to greater than 2,000 bp for other procaLryote IS elements (3. 11). It appears that there is a 5-bp insertion target duplication at the ends of the elements (Fig. 1 ). ais seen with insertion of IS2. Tn3, bacteriophage Mu, and IS492 of Pseelomnonas (atla(nlti(ca (1. 2. 5. 21). Some of'the P. aeruginio.sa strains contain two copies ot' the one of the elements, and the number of copies of IS elements in bacterial genomes varies from ' to more than 40 (9) . Unlike IS-PA-1 and IS-PA-2, many IS elements possess direct or inverted terminal repeats in addition to the duplicated target sequences. but some. such as IS492 from the marine bacterium P.
(at/ltica (2). do not hCave these particular structural elements. IS492 is also very much like the P. aIeItgintosa DNA (16) . However, the first IS element detected in a P. aeruginosa chromosome, IS22, is thought to be present in only one copy (18) . Another characteristic of the IS-PA elements is a very low frequency of transposition, if it exists at all. Although there is exceptional heterogeneity in the DNA sequences upstream of toxA in an interstrain comparison, the sequences for a particular strain have not been observed to change. A large number of laboratory-derived mutants of strain PA01 were examined by Southern hybridization of restriction enzyme digests, and no variations were observed (19, 30) . It is possible, of course, that these are IS elements which have lost the ability to transpose or that the conditions optimal for their transposition have not been found. WR5 homologous region. P. aeruiiginosa WR5 does not have toxA, but its genome contains about 350 bp that is highly homologous to DNA sequences just upstream of toxA in Ps388, PA103 (Fig. 1) , and presumably all strains examined to date (Fig. 2) . Since this region is common to all strains, this region does not resemble an IS element. There is some evidence, based on analysis of Southern hybridizations, that the sequences in the WR5 genome just upstream of the homologous region are located between 4.5 and 9.7 kb upstream of toxA in strain PA103 (see Results). Much of the DNA in PA103 just upstream of the WR5 homologous region is entirely missing from the WR5 genome (Fig. 2) Genomic location. Comparison of genome organization between strains WR5 and PA103 suggests that the WR5 homologous region is located in the same overall genome location. The order of sequences in the WR5 genome is the same as in PA103 and other strains even though some DNA, including toxA, is missing. However, the toxA locus has been mapped in only one strain (7) , and the question is still open. It is possible that toxA is or was part of a movable genetic element (e.g., transposon or bacteriophage). Although the work presented here adds to knowledge of genome organization upstream of the gene, the boundaries of such a hypothetical element are still not evident.
It is possible that the previously observed (30) interstrain heterogeneity in the DNA upstream of toxA can be completely explained by a combination of deleted and inserted DNA and point base mutations that are evident in the results shown here. The IS-PA-1 and IS-PA-2 elements described here are probably only representative of other elements that are upstream of toxA in other strains. A number of the strains shown in Table 1 do not contain the sequenced IS-PA elements or contain one of them only in the alternative location. These particular strains are likely to contain different inserted DNA sequences upstream of toxA. In addition, DNA rearrangements generated by misexcision of IS-PA elements or differing genome locations may play a role in the pattern of upstream heterogeneity.
